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The main aim of this article is to discuss characteristic physical phenomena which govern the destruction of quantum coherence of material wave packets. For systematic investigations on this problem it is advantageous to deal with physical systems in which wave packets can be prepared and detected in a controlled way and in which the mechanisms causing the destruction of quantum coherence can be in uenced to a large extent. Rydberg atoms (Seaton 1983, Fano and Rau 1986) are paradigms of elementary quantum systems which meet these requirements. The high level density of Rydberg states close to an ionization threshold is particularly convenient for the experimental preparation of spatially localized electronic wave packets by coherent superposition of energy eigenstates (Alber and Zoller 1991) . Furthermore, the dynamics of electronic Rydberg wave packets exhibits universal features which apply to atomic and molecular Rydberg wave packets as well as to Rydberg wave packets in more complex systems such as clusters. This dynamical universality might be traced back to the fact that almost over its whole classically accessible range the dynamics of a Rydberg electron is governed by the Coulomb potential of the positively charged ionic core. This universality together with the fact that Rydberg systems are amenable to a systematic theoretical description with the help of semiclassical methods makes them attractive for theoretical investigations. In recent years many detailed investigations have been performed concerning various fundamental aspects of the coherent dynamics of Rydberg wave packets, such as the in uence of core scattering processes (Alber 1989 , Dando et al. 1995 , H upper et al. 1995 , the connection between classical bifurcation phenomena and quantum dynamics (Beims and Alber 1993 , Main et al. 1994 , the inuence of the stimulated light force on the atomic center of mass motion (Alber 1992, Alber and or the in uence of electron correlations on wave packet dynamics in laser-induced two-electron excitation processes (Hanson and Lambropoulos 1995 , Zobay and Alber 1995 , van Druten and Muller 1995 .
The dynamics of Rydberg electrons is governed by characteristic features which greatly in uence the way in which they can be a ected by external stochastic forces or environments. Most notably, Rydberg electrons can be in uenced by laser elds of moderate intensities and by their statistical properties only in a small region around the atomic nucleus (Giusti and Zoller 1987) . Furthermore, Rydberg systems are characterized by unique threshold phenomena which result from the in nitely many bound states and from the continuum states converging towards an ionization threshold. In addition, radiative decay rates of Rydberg states are so small that in typical situations of current experimental interest the direct in uence of radiative damping can be neglected. However, the dissipative in uence of radiative decay might become signi cant, if Rydberg systems interact with intense laser elds. In order to demonstrate characteristic physical phenomena governing the destruction of quantum coherence of electronic Rydberg wave packets in the subsequent discussion two stochastic mechanisms will be considered in detail, namely radiative damping which is mediated by electron correlations between a Rydberg wave packet and a resonantly excited, tightly bound core electron and uctuations of laser elds.
The investigation of radiative damping mediated by electron correlation effects is motivated by the recently revived interest in laser-induced two electron excitation processes (Jones and Bucksbaum 1991 , Stapelfeldt et al. 1991 , Robicheaux 1993 , Grobe and Eberly 1993 , Hanson and Lambropoulos 1995 , Zobay and Alber 1995 , van Druten and Muller 1995 . Non-resonant laser-induced excitation processes in which two valence electrons of an atom, e.g. an alkaline earth atom, are excited simultaneously have already been playing an important role in spectroscopy for a long time (Gallagher 1994) . Typically thereby one of the valence electrons is excited into a Rydberg state and the other one into a tightly bound core state. Due to the availability of intense laser light sources recently also cases have become accessible experimentally in which both of these electrons are excited resonantly so that the in uence of the laser eld can no longer be treated with the help of perturbation theory. The resulting strong modi ca-tions of the electron-correlations may give rise to interesting novel phenomena. If the Rydberg electron is prepared in a wave packet state these coherent lasermodi ed electron correlations may even lead to an almost complete suppression of autoionization (Hanson and Lambropoulos 1995) . In the subsequent discussion it will be demonstrated that these coherent e ects are rather sensitive to the destruction of coherence which is caused by radiative decay of the tightly bound, excited core electron.
Due to the inherent stochastic nature of laser light the investigation of optical excitations of atoms or molecules by uctuating laser elds is one of the central problems of laser spectroscopy. So far research on this problem has concentrated predominantly on laser-induced excitation of isolated energy eigenstates (Agarwal 1976 , Dixit et al 1980 , Vemuri et al. 1991 . By now this special class of excitation processes is understood to a satisfactory degree. Despite these successes so far scarcely anything is known about the e ect of laser uctuations on optical excitation processes in which the level density of the resonantly excited states is large and in which wave packets are prepared. A paradigm in this respect is the laser-induced excitation of Rydberg and continuum states close to an ionization threshold which typically leads to the preparation of an electronic Rydberg wave packet. This physical system is well suited for investigating fundamental aspects of the destruction of quantum coherence on wave packet dynamics. In the subsequent discussion it will be demonstrated that this uctuation-induced destruction of quantum coherence together with the peculiar threshold phenomena of Rydberg systems leads to a variety of novel phenomena. One of these generic e ects is stochastic ionization which manifests itself in a characteristic scenario of non-exponential decays (Alber and Eggers 1997) .
This paper is organized as follows: In section 1 basic theoretical concepts for describing the dynamics of Rydberg electrons in laser elds are summarized. This section focuses on coherent dynamical aspects which can be described conveniently with the help of semiclassical methods. Within this framework quantum aspects manifest themselves in the interference between probability amplitudes which are associated with those classical trajectories along which probability is transported. In section 2 recent theoretical work on the destruction of quantum coherence in wave packet dynamics is reviewed. Characteristic phenomena are exempli ed by considering two dissipative mechanisms in detail. In section 2.1 the in uence of radiative damping on laser-induced two-electron excitation processes is investigated. E ects of laser uctuations on the dynamics of electronic Rydberg wave packets are discussed in Sec. 2.2.
Coherent dynamics of Rydberg electrons -general theoretical concepts
In this section a brief review of general theoretical concepts is presented which are useful for the description of the dynamics of Rydberg electrons. These concepts have already been used successfully to describe various aspects of the coherent dynamics of electronic Rydberg wave packets. Thereby we shall concentrate mainly on cases of recent experimental and theoretical interest in which a weakly bound Rydberg electron interacts with a laser eld and additional weak electric and/or magnetic elds (Alber 1989 , Dando et al. 1995 , H upper et al. 1995 , Moser et al. 1997 . Throughout this review Hartree atomic units will be used for which e = h = m e = 1 (e and m e are the electronic charge and mass, respectively). Rydberg electrons are atomic or molecular electrons whose dynamics is dominated by highly excited energy eigenstates close to an ionization threshold. In the simplest possible case the energies of these Rydberg states are given by the well known relation n = ?1= 2(n ? ) 2 ] (Seaton 1983, Fano and Rau 1986) .
Thereby the quantum defect is approximately energy independent for energies su ciently close to the ionization threshold at energy = 0. In typical optical excitation processes only Rydberg states with small values of the angular momentum l are excited, i.e. l n. These Rydberg states of low angular momenta are essentially de-localized over the whole space which is classically accessible to them, i.e. (l+1=2) 2 < r < 1= j n j. (r denotes the radial distance of the electron from the nucleus measured in units of the Bohr radius a 0 = 5:29 10 ?11 m.) If a Rydberg electron interacts with a laser eld of moderate intensity and with a weak, static electric and/or magnetic eld one can distinguish three characteristic spatial regimes:
(1) The core region: (0 < r < O(1)) It extends a few Bohr radii around the atomic nucleus. Inside this core region Rydberg electrons of low angular momenta which are able to penetrate this core region interact with all other atomic core electrons. These interactions lead to characteristic electron correlations e ects such as autoionization and channel coupling. Quantitatively these e ects can be described by quantum defect parameters which are approximately energy independent close to an ionization threshold (Seaton 1983 , Fano 1986 , Aymar et al. 1996 .
If a Rydberg electron of low angular momentum interacts with a laser eld of moderate intensity, whose electric eld strength is given by E(t) = E 0 e ?i!t + c:c:;
(1) two major e ects take place. Firstly, the Rydberg electron experiences an intensity dependent ponderomotive energy shift of magnitude ! p =j E 0 j 2 =! 2 . This energy shift is independent of the energy of the Rydberg electron and may thus be interpreted as an energy shift of the ionization threshold. Secondly, all other dominant energy exchange processes between a Rydberg electron and the laser eld are localized within a region typically extending a few Bohr radii around the atomic nucleus. This localization of the electron-laser coupling inside the core region relies on two su cient conditions, namely moderate laser intensities and su ciently high laser frequencies preferably in the optical frequency domain (Giusti and Zoller 1987) . Thereby laser intensities are considered to be moderate provided the stationary oscillation amplitude osc of an electron in the laser eld (in the absence of the Coulomb potential of the ionic core) is signi cantly less than the extension of the core region, i.e. osc =j E 0 j =! 2 1:
(2) Furthermore, in this context laser frequencies ! are considered to be high, if they are much larger than the inverse classical Kepler period T n of the Rydberg electron, i.e. !T n 1 with T n = 2 (n ? ) 3 . Classically speaking at these high laser frequencies it is only in a region close to the nucleus that the acceleration of a Rydberg electron is su ciently large that an appreciable energy exchange of the order of ! can take place between the laser eld and the Rydberg electron (compare also with Eq.(5)). As a consequence the interaction of a Rydberg electron with a laser eld of moderate intensity and su ciently high frequency is completely di erent from its interaction with a microwave eld whose frequency is comparable with its classical Kepler frequency 1=T n . Even if the eld strength of such a microwave eld is small in the sense that osc 1, the small frequency of the microwave eld implies that energy can be exchanged with the microwave eld essentially at any distance of the Rydberg electron from the atomic nucleus.
(2)The Coulomb region:(O(1) < r < a)
Outside the core region the dynamics of a highly excited Rydberg electron is dominated by the 1=r Coulomb potential of the positively charged ionic core. If the Rydberg electron is in uenced by a weak external electric or magnetic eld this is only valid for distances of the Rydberg electron from the nucleus which are smaller than the critical distance a 1 at which the external potentials are no longer negligible. If this critical distance is located inside the classically accessible region, i.e. a < 1= j n j, these external elds in uence the dynamics of the Rydberg electron signi cantly.
(3)The asymptotic region: (1 a < r)
In the asymptotic region the in uence of weak external elds is as important as the Coulomb force originating from the positively charged ionic core. In general, in this region the resulting dynamics of the Rydberg electron is complicated by the fact that its classical dynamics is no longer integrable and exhibits signatures of chaos.
In each of these characteristic spatial regimes di erent approximations can be applied for the dynamical description of the Rydberg electron. All photon absorption and emission processes and all electron correlation e ects which take place inside the core region have to be described quantum mechanically. As the Bohr radius is small in comparison with the extension of the Coulomb region and of the asymptotic region, outside the core region the dynamics of a Rydberg electron can be described with the help of semiclassical methods.
Starting from these elementary considerations a systematic theoretical description of Rydberg electrons can be developed which is based on a synthesis of semiclassical methods and of concepts of quantum defect theory (Alber 1989, Alber and Zoller 1991) . Thereby solutions of the Schr odinger equation which are valid inside the core region and at the boundary to the Coulomb region have to be matched to semiclassical wave functions which are valid in the Coulomb region and in the asymptotic region. The values of the wave function at the border between the core region and the Coulomb region are determined by the solution of the Schr odinger equation inside the core region. Within the framework of quantum defect theory these values are determined by approximately energy independent quantum defect parameters. These quantum defect parameters originate from two di erent types of interactions, namely electron correlation e ects and laser-induced photon absorption and emission processes. For moderate laser intensities and su ciently high frequencies these latter type of processes give rise to intensity dependent quantum defects. Thus, in the simplest case of a one-channel approximation, for example, these interactions inside the core region can be characterized by a complex quantum defect of the form (Alber and Zoller 1988) = + i :
(3) The real part of this quantum defect de nes the energies of the Rydberg electron in the absence of the laser eld, i.e. n = ?1= 2(n ? ) 2 ]. The imaginary part describes the in uence of laser-induced transitions of the Rydberg electron into continuum states well above threshold. In lowest order of perturbation theory it is given by = j h = ! j d E 0 j = 0i j 2 (4) with d denoting the atomic dipole operator. For hydrogen and linearly polarized laser light, for example, this imaginary part of the quantum defect can be evaluated approximately with the help of the Bohr correspondence principle. According to this principle the dipole matrix element entering Eq.(4) is approximated by a Fourier coe cient of the classical trajectory of a Rydberg electron of energy = 0 (Landau and Lifshitz 1975) 
(?(x) = R 1 0 duu x?1 e ?u denotes the Euler gamma function.) Thereby x(t) describes the parabolic classical trajectory of an electron which moves in the Coulomb eld of the nucleus with energy = 0. Consistent with the previous qualitative discussion the ! ?5=3 -dependence in Eq.(5) demonstrates that the dominant contribution to this dipole matrix element originates from a spatial region around the nucleus with a size of the order of r c ! ?2=3 . This characteristic size r c is the distance a classical electron of (asymptotic) energy = 0 can depart from the nucleus during the relevant photon absorption time t photon 1=!.
In the Coulomb and asymptotic region the quantum mechanical state can be determined semi classically. In order to make these ideas more precise let us consider the general form of the semiclassical solution of the time independent Schr odinger equation which is valid in the Coulomb and asymptotic region. It has the general form (Maslov and Fedoriuk 1981, Delos 1986) 
This wave function is determined by two di erent types of quantities, namely the probability amplitude '( ; y) of nding the electron at position y on the boundary between the core region and the Coulomb region and by quantities which describe the classical motion of the Rydberg electron outside the core region (compare with Fig. 1 ). The probability amplitude '( ; y) is determined by the quantum defect parameters which describe the electron correlations and the electron-laser interaction inside the core region. According to Eq.(6) the probability amplitude ( ; x) of nding the electron at position x outside the core region is also determined by properties of all those classical trajectories j which start at the boundary between the core region and the Coulomb region at position y and reach the nal point x at any`time' t. In this context the variable t represents a curve parameter and not a physical time. Together with the initial positions y the curve parameter t constitutes a global coordinate system for the family of classical trajectories which leave the core region and which form a Lagrangian manifold (Maslov and Fedoriuk 1981, Delos 1986) .
The important classical properties of trajectory j which determine ( ; x) are:
1. its classical action (eikonal) S j (t j ; y j ), 2. the determinant of its Jacobi eld J(t j ; y j ) = dx 1^d x 2^d x 3 dt^dy 1^d y 2 j j which characterizes its stability properties, and 3. its Maslov index j (t j ) which characterizes the number of conjugate points and their multiplicity. According to this general theoretical approach it is apparent that Rydberg systems di er from one another only as far as their dynamics inside the core region is concerned. This part of the dynamics can be described generally by a few quantum defect parameters. Thus Rydberg systems exhibit universal behavior and the quantum defect parameters characterize the associated universality classes. Furthermore, the semiclassical analysis of the dynamics of the Rydberg electron in the Coulomb region and in the asymptotic region implies that probability amplitudes describing atomic transitions between an initial and a nal state can be represented as a sum of contributions which are associated with all possible classical paths (including their multiple returns) which connect the regions of support of the initial and the nal state. In particular, if the dominant contribution of a transition amplitude originates from the core region, for example, it is all classical paths which start and end inside the core region which are relevant for the theoretical description. On the basis of this combination of methods of quantum defect theory with semiclassical path representations for relevant quantum mechanical transition amplitudes many aspects of the coherent dynamics of electronic Rydberg wave packets have already been described successfully (Beims and Alber 1993 , Zobay and Alber 1998 ).
Dissipative dynamics of electronic Rydberg wave packets
So far in the context of wave packet dynamics of material particles the investigation of dissipative and stochastic in uences which destroy quantum coherence has not received much attention. De nitely, to some extent this may be attributed to the complications arising from the high level densities which have to be taken into account for a proper theoretical description of wave packet dynamics. In general they turn the solution of master equations for the relevant density operator into a di cult mathematical and numerical problem. Electronic wave packets in Rydberg systems are an extreme example of this kind due to their almost macroscopic size and the in nitely high level density of Rydberg states at an ionization threshold. In the subsequent discussion it will be demonstrated that a combination of the semiclassical methods discussed in Sec. 1 together with stochastic simulation methods constitutes a powerful theoretical approach for describing many aspects of the destruction of quantum coherence in wave packet dynamics. In addition, this theoretical approach o ers insight into the intricate interplay between the semiclassical aspects of the dynamics of a Rydberg electron outside the core region and its coupling to the radiation eld inside the core region. In the subsequent sections two types of physical processes will be discussed in detail by which this coupling to the radiation eld can destroy the quantum coherence of an electronic wave packet, namely spontaneous emission of photons and the intrinsic uctuations of a laser eld. Motivated by the recent interest in laser-induced two-electron excitation processes, in Sec. 2.1 characteristic e ects of radiative damping are explored which are mediated by the correlation between an electronic Rydberg wave packet and a resonantly excited, tightly bound core electron. In Sec. 2.2 it is demonstrated that as a result of the peculiar threshold properties of Rydberg systems the destruction of quantum coherence which is brought about by a uctuating laser eld gives rise to a variety of novel phenomena.
Radiative damping mediated by electron correlations
Due to the long radiative life times of Rydberg states (radiative life times scale as (n? ) 3 (Gallagher 1994) ) the direct in uence of spontaneously emitted photons is negligible under typical laboratory situations. However, destruction of quantum coherence originating from radiative damping might become signicant in cases in which more than one atomic or molecular electron is excited resonantly by a laser eld. In such cases the in uence of a photon which is emitted spontaneously by one of these excited electrons can in uence another excited Rydberg electron via electron correlation e ects. Isolated core excitation (ICE) processes (Cooke et al. 1978 ) are a particular class of laser-induced twoelectron excitation processes which has received considerable attention recently.
In the following it is demonstrated that in these types of excitation processes the dissipative in uence of radiative damping mediated by electron correlations may in uence the dynamics of electronic wave packets signi cantly. ICE excitation processes have been studied extensively in the alkaline earth elements as the corresponding singly-charged ions are excited easily with laser elds in the optical or near-uv regime. In Fig. 2 a typical laser-induced ICE process is shown schematically for a magnesium atom. In a rst step, the atom is excited from its j3s 2 i ground state to a Rydberg state j3sndi by two-photon excitation. After this excitation process the atom consists of the Mg + (3s) ionic core and the nd-Rydberg electron which tends to be located at large distances from the core. By applying a second laser pulse tuned to a resonance of the Mg + ion the remaining core electron is excited, e.g. to the 3p-state of the ionic core. The direct in uence of the laser eld on the highly excited Rydberg electron is usually negligible in comparison to its interaction with the second, tightly bound valence electron. But the laser eld in uences the Rydberg electron indirectly by electron correlation e ects. Immediately after the core transition the Rydberg electron experiences a "shakeup" by the di erent short-range core potential to which it has to accommodate. A quantitative measure for the degree of this shakeup is given by the di erence between the quantum defects of the two channels associated with the 3s and the 3p-states of the ionic core. The early work on ICE spectroscopy of alkaline earth elements has concentrated on non-resonant core transitions which can be described in lowest order of perturbation theory with respect to the laser eld (Gallagher 1994) . Non-perturbative e ects of laser elds have become of interest only recently in connection with the development of powerful tunable laser sources (Jones and Bucksbaum 1991 , Stapelfeldt et al. 1991 , Robicheaux 1993 , Grobe and Eberly 1993 . They are particularly important in resonant core excitation processes in which one of the laser elds induces Rabi oscillations of the ionic core. A variety of new coherent e ects have been predicted theoretically in this context (Robicheaux 1993 , Hanson and Lambropoulos 1995 , Zobay and Alber 1995 , van Druten and Muller 1995 which rely on the coherent interplay between the Rabi oscillations of the ionic core and the dynamics of an electronic Rydberg wave packet which is in uenced by these Rabi oscillations through the resulting shakeup processes (For a review on these theoretical developments see Zobay and Alber 1998). However, due to the possibility of spontaneous emission of photons by the resonantly excited core electron all these e ects are expected to be particularly sensitive to the resulting destruction of quantum coherence.
In order to investigate these dissipative e ects in detail let us consider a typical laser-induced two-electron excitation process in an alkaline earth atom as represented in Fig. 3 . It is assumed that the atom is prepared initially in its ground state jgi. The atom is situated in a cw-laser eld whose electric eld strength is given by E(t) = Eee ?i!t + c:c: and which is tuned near resonance with a transition of the positively charged ionic core. Typically electron correlations imply that as long as the atom remains in its initial state jgi this laser eld is well detuned from any atomic transition. Thus the laser eld has negligible e ect on the atomic dynamics. But as soon as an outer valence electron is excited to Rydberg state close to an ionization threshold the cw-laser eld starts to induce transitions between the two resonantly coupled states of the ionic core which have energies 1 and 2 , respectively. Let us concentrate on a case in which one of the valence electrons is excited coherently to Rydberg states by a short and weak laser pulse with electric eld strength E a (t) = E a (t)e a e ?i!at + c:c: (Typically the pulse envelope E a (t) will be modeled by a Gaussian shape centered around time t a with pulse duration a ). Thus a radial electronic Rydberg wave packet is prepared by this short laser pulse (Alber and Zoller 1991) . This wave packet moves in the Coulomb eld of the positively charged ionic core. Whenever it penetrates the core region it is shaken up by the Rabi oscillations of the resonantly driven core. Furthermore, whenever the core emits a photon spontaneously this emission process will disrupt the relative phases of the electronic wave packet and will thus destroy quantum coherence. The dynamics of this electronic wave packet under the in uence of the Rabi oscillations of the ionic core can be investigated by typical pump-probe experiments, for example.
For the theoretical description of the resulting destruction of quantum coherence one has to solve the corresponding optical Bloch equation for the density operator of the two atomic valence electrons. In the case depicted in Fig. 3 , for example, the optical Bloch equation is given by (Zobay and Alber 1996) _ (t) = ?i H; (t)] + 1 2 f L; (t)L y ] + L (t); L y ]g:
Thereby the Hamiltonian H = X i;j=1;::;3
characterizes the coherent part of the dynamics. The dynamics of the valence electrons is described by the Hamiltonian
with h jj = ? 1 2 d 2 dr 2 + l j (l j + 1) 2r 2 ? 1 r :
(10) The short-range potential V ij describes electron-correlation e ects originating from the residual core electrons (Aymar et al. 1996) . In ICE transitions the angular momentum l of the excited Rydberg electron is conserved to a good degree of approximation, i.e. l 1 = l 2 = l (Gallagher 1994) . In the rotating wave approximation the channel thresholds cj are given by c1 = 1 , c2 = 2 ? !, c3 = 3 ? !. The operator V ICE = ? 1 2 (j 2 ih 1 j + j 1 ih 2 j) 1 r
describes the laser-induced core transitions between the core states j 1 i and j 2 i and is the Rabi frequency originating from the cw-laser eld. The operator 1 r denotes the identity operator for the radial coordinate of the Rydberg electron. Thus the role of the Rydberg electron as a spectator becomes obvious from Eq.(11). The stochastic part of the dynamics of the density operator (t) is described by the Lindblad operator L = p j 1 ih 2 j 1 r (12) which characterizes the radiative decay of the ionic core from its excited state to its ground state by spontaneous emission of photons with rate .
Due to the high level density of Rydberg states close to an ionization threshold and due to the presence of the adjacent electron continuum usually severe problems arise, if one tries to solve the optical Bloch equation (7) numerically by expanding the density operator (t) into a basis set of atomic energy eigenfunctions. Many of these problems can be circumvented successfully by combining the semiclassical methods as discussed in Sec. 1 with stochastic simulation methods (Zobay and . Besides numerical advantages this approach gives also direct insight into the classical aspects of the dynamics of the Rydberg electron and the destruction of quantum coherence caused by the radiative decay of the core. Thereby the density operator is represented by a ( ctitious) ensemble of pure states which are associated with de nite numbers of spontaneously emitted photons (Mollow 1975), i.e. Thus all physical observables of interest can be expressed as a sum of probability amplitudes which are associated with repeated returns of a Rydberg electron to the ionic core. During its motion under the in uence of the Coulomb potential of the ionic core photons may be emitted spontaneously by the laser-excited core at any position of the Rydberg electron along its path. These photon emission processes disrupt the coherent quantum mechanical time evolution of the Rydberg electron.
As an example, let us consider a coherent process which has received considerable attention recently, namely laser-induced stabilization against autoionization (Hanson and Lambropoulos 1995) . This e ect is based on a synchronization between the dynamics of the ionic core, which performs Rabi oscillations, and the dynamics of a laser-prepared electronic wave packet. This e ect may be understood as follows: At the time of the preparation of the electronic Rydberg wave packet by the short laser pulse the core is in its ground state. If the mean Kepler period T orb = 2 (?2 ) ?3=2 ( is the mean excited energy of the Rydberg electron) of this wave packet is chosen equal to a multiple of the Rabi period T Rabi = 2 = of the core, the Rydberg electron will encounter the core in the ground state at each of its subsequent returns to the nucleus. As autoionization of a Rydberg electron can take place only inside the core region (Seaton 1983 , Fano and Rau 1986 , Aymar et al 1996 , this implies that the e ective autoionization rate of the electronic wave packet will become much smaller than the autoionization rate of the mean excited Rydberg state ? n in the absence of the laser eld. In addition, it has been demonstrated (Hanson and Lambropoulos 1995) that this suppression of autoionization is also accompanied by a reduction of dispersion of the electronic wave packet. This suppression of dispersion is brought about by the Rabi-oscillating core which acts like a quantum-mechanical shutter and e ectively cuts o the tails of the wave packet which arrive at the nucleus out of phase with small probability. As this stabilization against autoionization is based on the coherent interplay between electron correlations and laser-induced Rabi oscillations it is expected to be particularly sensitive against the destruction of quantum coherence due to spontaneous emission of photons by the ionic core.
In the presence of radiative decay of the ionic core the physical picture is changed signi cantly. In the simplest case of synchronization, i.e. for T orb = T Rabi , the rst photon will be emitted spontaneously by the ionic core most probably at a time (M +1=2)T Rabi (with M denoting any integer) because then the core is in its excited state with high probability. Due to the synchronization at these times the electronic Rydberg wave packet is close to the outer turning point of its Kepler orbit. The spontaneous emission of a photon reduces the excited core to its ground state. Therefore, at the subsequent return of the electronic wave packet to the core at time (M + 1)T orb the ionic core will be in its excited state so that the Rydberg electron will autoionize on a time scale of the order of 1=? n . Thus, the laser-induced stabilization against autoionization will be destroyed. Typically, ? n so that the Rydberg electron will autoionize with high probability long before the core can emit a second photon spontaneously. Consequently, it is expected that the in uence of the radiative damping on this coherent stabilization phenomenon can be described approximately by taking into account only the zero-and one-photon contributions of the density operator (t).
The in uence of radiative damping described above manifests itself clearly in the time-dependent autoionization rate (t) into channel three, for example, which results from the dynamics of the electronic Rydberg wave packet. An experimental technique for measuring (t) has been developed recently (Lankhuijzen and Noordam 1996) 
and by the (3 1)-column vectorD (?) gea whose components are the energy normalized photoionization dipole matrix elements (Seaton 1983) into channels one, two and three. The dynamics of the Rydberg electron under the in uence of the Rabi oscillations of the ionic core are described by the (3 3) 
The quantum defects of the bare channels one and two are denoted j . These channels have opposite parity and cannot be coupled by electron correlation e ects. The matrix elements 23 and 32 characterize the con guration interaction between channels 2 and 3 which results in autoionization of channel 2. The autoionization rate of a Rydberg state of channel 2 with principal quantum number n is related to the imaginary part of the quantum defect 2 by ? n = 2Im( 2 )= n ? Re( 2 )] 3 .
Eqs. (17) are examples of semiclassical path representations for the zero-and one-photon ionization rates (0) (t) and (1) (t). Their physical interpretation is straight forward: After the initial excitation by the short laser pulse those fractions of the electronic Rydberg wave packet which are excited into closed photon-dressed core channels return to the core region periodically. The integers M 1 and M 2 count the numbers of these returns. Between two successive returns the Rydberg electron acquires a phase of magnitude (2 ~ ) jj while moving in the photon-dressed core channel j. This phase equals the classical action of motion along a purely radial Kepler orbit with zero angular momentum and energy ?~ cj < 0. Entering the core region the Rydberg electron is scattered into other photon-dressed core channels by laser-modi ed electron correlation e ects which are described by the scattering matrix~ . The ionic core can emit a photon spontaneously at any time during the motion of the Rydberg electron. Quantitatively this photon emission process is described the the quantitỹ A representative time evolution of the autoionization rate (t) is shown in Fig. 4 . The full curve in Fig. 4a has been obtained by numerical solution of the optical Bloch equation (7) with the help of a conventional basis expansion in atomic energy eigenstates. The corresponding zero-and one-photon contributions are also presented in Figs. 4b and 4c . In Fig. 4 the sum of zeroand one-photon contributions are not plotted as they are indistinguishable from the numerical result (full curve in Fig.4a ). The chosen parameters represent typical values realizable in alkaline earth experiments. The comparison of (t) (full curve of Fig.4a ) with the corresponding result in the absence of radiative damping (dotted curve in Fig.4a ) demonstrates that the in uence of radiative damping is already signi cant at interaction times of the order of T orb . With the help of the zero-and one-photon contributions of Eq.(17) the dissipative in uence of radiative damping can be analyzed in detail. As apparent from Fig. 4b , the zero-photon rate vanishes at integer multiples of the mean Kepler period T orb because at these times the core is in its ground state. The maxima of Fig. 4b at times (M + 1=2)T orb originate from fractions of the electronic wave packet which are close to the core at times when the core is in its excited state. Also visible are typical revival e ects at times of the order of 25T orb .
The one-photon rate of Fig. 4c exhibits maxima and minima at times MT orb and (M + 1=2)T orb . These maxima indicate that the photon is emitted by the ionic core most probably whenever the Rydberg electron is close to the outer turning point of its classical Kepler orbit. Thus, the core will be in its excited state when the Rydberg electron returns to the nucleus so that autoionization will take place with a high probability.
Electronic wave packets in uctuating laser elds
The main aim of this section is to discuss characteristic e ects which govern the dynamics of a Rydberg electron in an intense and uctuating laser eld. It is demonstrated that for moderate laser intensities (compare with Sec. 1 Eq.(2)) a variety of novel, non-perturbative e ects appear which in uence the long time behavior of Rydberg electrons signi cantly. A generic consequence of the interplay between the peculiar threshold phenomena of Rydberg systems and the destruction of quantum coherence due to laser uctuations is stochastic ionization (Alber and Eggers 1997) . It is demonstrated that this process also implies an upper time limit on the applicability of two-level approximations even in cases in which all characteristic frequencies, i.e. Rabi frequencies and laser bandwidths, are small in comparison with the Kepler frequency of a resonantly excited Rydberg electron.
Nowadays laser uctuations can be controlled to such a degree that it is possible to realize various theoretical models of laser radiation in the laboratory (Vemuri et al. 1991) . One of the most elementary theoretical models of laser radiation is the phase di usion model (PDM) (Haken 1970) . It describes approximately the electric eld produced by an ideal single mode laser which is operated well above the laser threshold. Thereby the electric eld of a laser is represented by a classical, stochastic process with well stabilized amplitude and a uctuating phase, i.e. E(t) = E 0 e i (t) e ?i!t + c:c: : In order to investigate the in uence of laser uctuations on the optical excitation of Rydberg states close to an ionization threshold let us consider the simplest possible case, namely one-photon excitation from a tightly bound initial state jgi with energy g . In the dipole and rotating wave approximation the Hamiltonian which describes this excitation process is given by H( (t)) = g jgihgj + X n n jnihnj ? X n (jnihgjhnjdjgi E 0 e i (t) e ?i!t + h:c:):
In Eq.(24) the index n refers to Rydberg and continuum states. The energies of the excited Rydberg states are denoted n and d is the atomic dipole operator. Let us assume for the sake of simplicity that the excited Rydberg and continuum states can be described with the help of quantum defect theory in a one channel approximation (Seaton 1983). Thus they are characterized by an approximately energy independent quantum defect = + i . As has been explained in Sec. Eq.(4) ) the imaginary part describes photon absorption from the highly excited Rydberg states to continuum states well above threshold.
(
For the description of non-perturbative aspects of this laser excitation process one has to solve the time dependent Schr odinger equation with the stochastic Hamiltonian (24) (interpreted as a stochastic di erential equation of the Ito type (Kl oden and Platen 1992)) together with the stochastic di erential equation for the phase (23). It is the simultaneous presence of the Coulomb threshold with its in nitely many bound states and the continuum on the one hand and the laser uctuations on the other hand which makes this solution a highly nontrivial task. Nevertheless, for the case of the PDM the resulting mathematical and numerical problems can be circumvented successfully (Alber and Eggers 1997) . Thus even analytical results can be derived in the limit of long interaction times which is dominated by stochastic ionization of the Rydberg electron. Thus, let us start from the equation of motion for the mean values nn 0(t) = Mhn j (t)ih (t) j n 0 i, ng (t) = gn (t)] = Me ?i (t) hn j (t)ih (t) j gi and gg (t) = M j hg j (t)i j 2 which can be combined to form a density operator (t) (Agarwal 1976) . From Eqs. (23) and (24) it can be shown that this density operator ful lls the master equation d dt (t) = ?i H mod ; (t)] + 1 2 f L; (t)L y ] + L (t); L y ]g:
Thereby the modi ed Hamiltonian H mod H( (t) 0) describes laser induced excitation of Rydberg states close to threshold in the absence of phase uctuations. The destruction of quantum coherence which is brought about by the laser uctuations is characterized by the Lindblad operator L = p 2bjgihgj:
On the basis of this master equation Fourier representations can be developed for the density matrix elements whose kernels can be determined explicitly with the help of quantum defect theory. Thus all complications arising from the Coulomb threshold are taken into account properly. These Fourier representations are useful for numerical calculations of averaged transition probabilities which are highly accurate even in the limit of long interaction times. Furthermore, these representations are convenient starting points for the derivation of analytical results. Thus, the averaged initial state probability gg (t), for example, is given by (Alber and Eggers 1997) With each of these returns the Rydberg electron of energy z < 0 accumulates a phase of magnitude 2 (?2z) ?1=2 and with each traversal of the core region it accumulates a (complex) phase of magnitude 2 due to scattering by the core and due to photon absorption. The laser-induced depletion rate , the imaginary part of the quantum defect and the second order Stark shift ! describe the in uence of the laser eld on the Rydberg electron. As these quantities depend on the laser intensity they are not a ected by phase uctuations of the laser eld.
Master equations of the form of Eq.(25) with a self adjoint Lindblad operator are of general interest as phenomenological models of continuous quantum measurement processes (Braginsky and Khalili 1992) . In this context Eq.(25) would model excitation of Rydberg and continuum states close to an ionization threshold by a classical, deterministic laser eld in the presence of continuous measurement of the initial state j gi. Thereby the inverse bandwidth 1=b would determine the mean time between successive measurements. Some qualitative aspects of the time evolution of an excited Rydberg electron under the in uence of a uctuating laser eld are apparent from the contour plots of Figs. 5 and 6 which refer to one-photon excitation of a hydrogen atom by linearly polarized laser light with jgi = j2si. It is assumed that Rydberg states around n = (?2 ) ?1=2 = 80 are excited. According to the general discussion in Sec. 1 (compare with Eq.(4)) the laser-induced transitions from the excited Rydberg states to continuum states well above threshold are described by an imaginary quantum defect with = 0:00375 .
In Fig. 5a both the bandwidth of the laser eld b and the eld-induced depletion rate of state j gi are assumed to be small in comparison with the mean level spacing of the excited Rydberg states, i.e. b; n ?3 . Thus, one may be tempted to think that this excitation process can be described well within the framework of a two-level approximation in which only states j2si and j80pi are taken into account. However, Fig. 5a demonstrates that this expectation is only valid for su ciently small interaction times. Indeed, the early stages of the excitation process are dominated by Rabi oscillations of the electron between the initial and the resonantly excited state. These Rabi oscillations are damped by the uctuating laser eld. An equilibrium is attained for interaction times t 1=b for which all coherence between the two resonantly coupled states is negligibly small and for which gg (t) nn (t) 1=2. This characteristic, well known two-level behavior is exempli ed in Fig. 5a by the stationary probability distribution of the excited Rydberg state. (The probability distribution of state jgi which is localized in a region of a few Bohr radii around the nucleus is not visible on the radial scale of Fig. 5a ). Fig. 5a indicates that for interaction times which are larger than a critical time t 1 this simple picture of the two-level approximation breaks down and the probability distribution of the excited Rydberg electron starts to spread towards larger distances from the core. (here t 1 5 10 5 T with T = 2 n 3 denoting the mean classical orbit time). Simultaneously the probability distribution becomes more and more spatially de-localized with all nodes disappearing. In order to obtain a more detailed understanding of this di usion-like process the time evolutions of the initial state probability and of the ionization probability are shown in Fig.5b . From Fig.5b it is apparent that this spatial spreading of the Rydberg electron is connected with a di usion in energy space towards the ionization threshold. At interaction times t t c 7 10 9 T the Rydberg electron has reached the ionization threshold and the ionization probability P ion (t) rises signi cantly from a negligibly small value to a value close to unity. Simultaneously the initial state probability P gg (t) starts to decrease faster. This stochastic di usion of the Rydberg electron which eventually leads to ionization is a characteristic phenomenon brought about by the uctuations of the exciting laser eld. With the help of the theoretical approach presented above this characteristic stochastic ionization process can be analyzed in detail. Thus it can be shown (Alber and Eggers 1997) that the di usion of the Rydberg electron towards the ionization threshold starts at time t 1 = 8 b T (33) and eventually leads to stochastic ionization at interaction times t t c with t c = 4 p 27 b
( 2 + 3(b 2 + 2 =4)=4) 3=2 2 + b 2 + 2 =4 ] 1=2 :
The time evolution of P gg (t) is approximately given by P gg (t) = 2 p 2b T] ?1=2 t ?1=2
(35) for t 1 < t < t c and crosses over to the power law P gg (t) = ( + 2b) 2 (2b '= ) 2 b? 3 (5=3) 27 ( 2 + b 2 + 2 =4) ] 1=3 t ?5=3 (36) for interaction times t > t c . The variable ' characterizes the distance of the mean excited energy from the ionization threshold and is determined by the relation ? + i(b + =2) = Re i' (0 ' < ). At times t t c the ionization probability rises according to the power law P ion (t) = 1 ? ?(2=3)( + 2b) 6b ' b ( 2 + b 2 + 2 =4) ] 1=3 t ?2=3 : (37) These approximate time evolutions are indicated by the dashed curves in Fig.  5b . The analytical results of Eqs.(33) and (34) explicitly show how the critical times t 1 and t c for the breakdown of the two-level approximation and for stochastic ionization depend on the characteristic parameters of the problem, namely the mean excited energy , the laser bandwidth b and the laser-induced depletion rate of the initial state .
In Fig. 6 both the laser bandwidth and the laser-induced depletion rate of the initial state jgi are larger than the mean level spacing n ?3 of the excited Rydberg states. As in this case the initial state is depleted by the laser eld in a time which is small in comparison with the mean Kepler period of the excited Rydberg states, i.e. 1= T = 2 n 3 , an electronic Rydberg wave packet is prepared by power broadening (Alber and Zoller 1988) . The initial stage of the preparation of this electronic wave packet by power broadening manifests itself in an approximately exponential decay of P gg (t) with rate .
The repeated returns of fractions of this wave packet to the core region give rise to recombination maxima of P gg (t) which occur roughly at multiples of the mean Kepler period T. In the absence of laser uctuations the non-perturbative time evolution of such an electronic wave packet under the in uence of a laser eld is already well understood. In the completely coherent case with each return to the core region a fraction of the electronic wave packet can be scattered resonantly in the presence of the laser eld by stimulated emission and reabsorption of a laser photon accompanied by an electronic transition to the initial state jgi and back again. This emission and reabsorption process of a laser photon causes a time delay of the electronic wave packet of the order of 1= with respect to un-scattered fractions of the electronic wave packet. These repeated scattering processes lead to a splitting of the original wave packet into many partially overlapping fractions. In the completely coherent case the interference of these overlapping fractions inside the core region eventually give rise to a complicated time dependence of P gg (t) (Alber and Zoller 1991) .
Characteristic qualitative aspects of the time evolution of an electronic wave packet in the presence of laser uctuations are apparent from Fig. 6a . Clearly, the initial stages of the time evolution are dominated by the preparation of the electronic wave packet and by its repeated returns to the core region. However, at su ciently long interaction times eventually the spatially localized electronic wave packet starts to spread out uniformly over the whole classically accessible region. Furthermore, this classical region starts to grow monotonically with increasing interaction time. Characteristic quantitative details of this time evolution are apparent from Fig. 6b . For su ciently small interaction times the familiar recombination maxima of the repeated returns of the electronic wave packet to the core region are clearly visible. However, as the coherence time of the laser eld is small in comparison with the mean Kepler period, i.e. 1=b T, interferences between probability amplitudes which are associated with repeated returns to the core region are destroyed. Thus the details of the early stages of the time evolution of this electronic wave packet appear to be much simpler than in the completely coherent case. As a consequence of the di usion of the electronic wave packet at longer interaction times the recombination maxima of P gg (t) disappear and merge into the power law of Eq.(35). At interaction times larger than t c stochastic ionization of the Rydberg electron becomes signi cant and the power law decay of P gg (t) crosses over to the decay law of Eq.(36). Simultaneously the ionization probability rises to a value close to unity according to the approximate power law of Eq.(37).
In general stochastic ionization originating from laser uctuations will compete with other coherent ionization mechanisms such as autoionization. As a consequence a number of new interesting phenomena are expected to arise which are not yet explored. In order to obtain rst insights into basic aspects of this competition let us generalize our previous model to one-photon excitation of an autoionizing Rydberg series (Eggers and Alber 1998). Thus, it will be assumed that the laser excited autoionizing Rydberg series can be described within the framework of quantum defect theory in a two-channel approximation. In particular, let us concentrate on a case in which the uctuating laser eld excites Rydberg states close to an ionization threshold of an excited state of the ionic core (channel one) which can autoionize into channel two. For simplicity let us assume that direct excitation of channel two from the initial state jgi is not possible and that the e ectively excited energy interval ( ? b; + b) also covers continuum states of channel one. The early stages of this ionization process will be governed by an exponential decay of the initial state jgi with the laserinduced depletion rate , by autoionization of the excited Rydberg states of channel one into channel two, and by direct laser-induced ionization into the continuum states of channel one. As long as stochastic ionization is negligible, i.e. for interaction times t with 1= < t < t c , this ionization process will reach a metastable regime. Thereby the probability of ionizing into channel one is simply determined by the part of the e ectively excited energy interval ( ?b; + b) which is located above the ionization threshold, 1 , of channel one. However, as soon as t > t c it is expected that the branching ratio between channels one and two is changed. For interaction times t > t c all Rydberg states whose autoionization lifetimes exceed the stochastic ionization time, i.e. 1=? n > t c (? n is the autoionization rate of Rydberg state jn; 1i), will no longer autoionize into channel two but will eventually ionize stochastically into channel one. Thus for interaction times t > t c it is expected that the probability of ionizing into channel one is determined by the part of the e ectively excited energy interval ( ? b; + b) which is located above an energy of the order of 1 ? 1=t c .
Thus stochastic ionization is expected to lead to an e ective lowering of the ionization threshold 1 of channel one. This manifestation of the competition between autoionization and stochastic ionization is clearly apparent from Fig. 7 where the time evolution of P gg (t) is depicted together with the corresponding time evolutions of P ion?ch1 (t) and P ion?ch2 (t). In the case depicted in Fig. 7 the laser induced depletion rate is so small that no electronic Rydberg wave packet is prepared by power broadening. However, due to the large laser bandwidth, i.e. bT 1, many Rydberg states are involved in the excitation process.
This implies that to a good degree of approximation initially state jgi decays exponentially with rate .
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